Plants are well known for producing a wide diversity of natural compounds and several strategies have been proposed to enhance their production. Among them, somatic chromosome doubling may represent an effective and inexpensive method. The objective of the current study was to investigate the effect of polyploidization on the leaf metabolic profile and content of tetraploids produced from a wild diploid (2n=2x=24) potato species, Solanum bulbocastanum Dun. Photochemical efficiency of tetraploids was also analyzed. Results from HPLC-DAD and LC/MS analyses provided evidence that tetraploid genotypes displayed either a similar or a lower phenylpropanoids, tryptophan, tyrosine and α-chaconine content compared with the diploid parent. Similarly, no significant differences were found among genotypes both for measures of gas and for chlorophyll fluorescence, except for non-photochemical quenching (NPQ). Steroidal saponins content revealed superiority of some tetraploids with respect to the diploid parent, suggesting perturbations in the mechanism regulating the biosynthesis of such compounds following polyploidization. Lack of superiority may be attributed to the time required for adjustment, adaptation and evolution after the genomic shock induced by polyploidization, as well as the fact that an optimum ploidy level for each species may be crucial. Our results suggest that polyploidization as a strategy to enhance metabolite production cannot be generalized.
Plants produce a wide array of secondary metabolites whose role, chemical characteristics and utility for human health, as well as for plant breeding efforts, are receiving attention within the scientific community. Many of these natural compounds are currently used as drugs to treat infections or fight diseases such as cancer, stroke and heart problems. Others, thanks to their adaptive role, can be employed to develop genetically improved crops that resist/tolerate pest and pathogen attacks. Mazid et al. [1] suggested that the search for new phytochemicals should be a priority towards a sustainable conservation and use of plant biodiversity. The increased knowledge of plant secondary metabolites, coupled with the low product yield often recorded, has stimulated research on the possibility to increase the level of phytochemicals in plants. Nowadays several options are available, especially in light of the new advances in the field of plant biotechnologies. Through in vitro culture of selected explants, secondary metabolites can be produced all year around with several advantages in terms of predictability, purity and political issues (reviewed in [2] ). Cell and tissue cultures also allow the use of elicitors that induce or enhance metabolite production. In Catharanthus roseus, for example, ajmalicine content was greatly increased through elicitors produced by fungi such as Aspergillus and Fusarium [3] . Similarly, metabolic engineering can enhance metabolite production through the modification of the pathways of interest. It is essentially based on the overexpression of significant genes or gene silencing. Through an antisense-approach that silenced the first dedicated step in the beta-epsilon branch of carotenoid biosynthesis, Diretto and coworkers [4] greatly increased beta carotene content of potato tubers. In the last few years an additional option based on scaling up the ploidy level of metabolite-producing plants has attracted the interest of scientists [5] . Polyploidy (the phenomenon where species possess more than two complete sets of chromosomes in their somatic cells) is common in flowering plants, with several crops like alfalfa, potato, wheat, cassava, banana, apple and sugar beet being polyploids [6a,b] . Polyploidy often causes the appearance of novel characteristics that are not present in the diploid progenitors or exceed the range of the contributing species [7a-c] . It can influence plant metabolism both in a qualitative and quantitative manner. Tetraploids of Scutellaria baicalensis, Artemisia annua and Salvia miltiorrhiza produced more terpenoids or triterpene-type compounds per gram of tissue than their diploid counterparts [8a, b, c]. Mishra et al. [9] reported the use of polyploidy in Papaver somniferum as an effective tool for producing plants with high morphine content. However, some other authors found the opposite to be true. Dhawan and Lavania [10] , for example, evidenced a lower concentration per unit dry weight of essential oils in tetraploids of Mentha spicata with respect to the related diploid. Due to these contrasting results, further studies with artificially induced polyploids may be important to increase our knowledge on the effects of gene dosage on secondary metabolites. The cultivated potato Solanum tuberosum is well appreciated for its nutritional value and level of antioxidant compounds such as carotenoids, vitamin C, and phenolics [11] . However, only a few studies are available on tuber-bearing Solanum species. They may represent an underestimated source of useful compounds and, therefore, can also be used to transfer the relevant genes into the cultivated gene pool [12] .
In the frame of a research project on potato germplasm exploitation through polyploidy induction, we have doubled the chromosome number of S. bulbocastanum, a diploid (2n=2x=24) potato species widely used in breeding programs due to its resistance traits. We have produced tetraploid (2n=4x=48) genotypes and studied the effect of chromosome doubling on the content of selected metabolites and on photochemical efficiency. Since there is only scanty information on the effect of polyploidization in Solanum, this research may have implications not only to investigate the events underlying polyploid formation and to study the plasticity of plant genomes, but also for practical breeding goals.
We performed HPLC-DAD and LC-MS analyses to investigate the biochemical behavior of S. bulbocastanum synthetic polyploids. Leaf extracts did not present qualitative differences in the metabolite profiles of diploid vs. tetraploid genotypes. Conversely, quantitative analysis of leaf secondary metabolites of diploid progenitor blb1c and its tetraploid derivatives showed significant differences among genotypes ( Table 1 ). In terms of metabolites such as phenylpropanoids, quercitin, tyrosine and trypthophan, tetraploids displayed either a similar or a lower content compared with diploid blb1c. A tetraploid showing a higher metabolite content was never found. This contrasts with studies reported elsewhere. In Chamomilla recutita [13] , a higher flavonoid content was observed as a consequence of polyploidization. In tetraploid plants of Atropa belladonna, Evan [14] obtained an increased production of tropane alkaloids. In tetraploids of Cinchona succiruba the same authors found an increase in quinine with respect to diploids. More recently, a similar superiority of tetraploids was found in Catharanthus roseus [15] for alkaloids and in Cymbopogon spp. [16] for essential oil content. Our results on secondary metabolite analysis in synthetic tetraploids of another potato species, S. commersonii, also showed that tetraploids generally had an increased amount of phenylpropanoids compared with the diploid progenitor [17] . To explain the different metabolic consequences of polyploidization in S. bulbocastanum and S. commersonii it may be hypothesized that in these two species polyploidization differently affected the activity of key enzymes of the biosynthetic pathway of phenylpropanoids. Such a key enzyme can be phenylalanine ammonia lyase (PAL), which catalyzes the first step of the phenylpropanoid pathway and controls the flux into the phenylpropanoid biosynthesis [18] . Further studies should be carried out to test this hypothesis. However, species-dependent variation in esterase activity after genome doubling was observed in several species (Oryza, Citrullus, Brassica, Aegilops and Triticum) with contrasting evidence [19] . To explain the lack of phenotypic superiority of tetraploids over diploid blb1c it may be hypothesized that plants with higher ploidy may experience fitness costs due to elevated DNA content and replication, defective mitosis, and increased cell size [20] . Since we previously found that our tetraploids underwent epigenetic changes [21] , it is possible that these caused modifications in the expression of relevant genes.
In this research we also focused on glycoalkaloid content of tetraploids vs the diploid parent. Since few glycoalkaloid standards are commercially available and most of those are aglycones, we determined the structure of the glycoalkaloids by LC-ESI-MS, according to both the m/z values of protonated molecular ions [M+H] + and the fragment ions detected in the MS/MS experiments. Our results were then compared with those reported in previous studies [22a, b, c] . The majority of glycoalkaloids were present in traces and their amount was not measurable. The only glycoalkaloid that it was possible to quantify was α-chaconine, a member of the solanidane family. α-Chaconine was eluted at 10 min and showed an [M+H] + ion at m/z 852.0, indicating a molecular formula of C 45 H 73 NO 14 (theoretical m/z value 852.06 g mol −1 ). Fragmentation of this ion produced product ions at m/z 706.4 (attributed to a loss of the L-rhamnose monosaccharide), and at m/z 560.4 (produced by a loss of the L-rhamnose moiety from the m/z 706.4 ion). The next stage in the toxin fragmentation pathways consists of the loss of the last monosaccharide from the ion, m/z 560.4, to produce the aglycon ion, m/z 398.3, with the water-loss ion, m/z 380.3. Our results provided evidence that polyploidization reduced α-chaconine content in S. bulbocastanum. Compared with diploid blb1c (4.95 mg/100 g), tetraploid genotypes decreased from 67% (blb25) to 36% (blb26) ( Table 1) . Similar results were found for S. chacoense, where the leaf concentrations of total glycoalkaloids were significantly lower in the tetraploids derived from tissue culture of leaf explants [23] . Overall, such reduction of glycoalkaloids may be considered undesired in light of their role in clinical and pharmaceutical applications. Indeed, studies carried out during the past 10 years suggest that naturally occurring glycoalkaloids possess beneficial effects in treating human cancers [24] .
Our quali-quantitative study showed the presence of steroidal saponins. Saponins are interesting metabolites for pharmaceutical applications. Indeed, some plant steroids resemble human steroids in both form and function, In particular, some plant saponins can weakly mimic the human hormones that they resemble. Tran et al. [25] isolated new spirostanol and furostanol saponins from roots and rhizomes of Dracaena angustifolia and reported that these compounds have a potent antiproliferative activity against some tumor cells comparable with that of commercial medicine. Consequently, in the last years, many studies are focusing on new saponin isolation and characterization. Four steroid saponins were detected and quantified in the extracts: Table 2 ). These compounds were identified by LC-MS/MS analyses on the basis of their high resolution molecular weight determination and the main fragment ions observed in the MS/MS experiments. In particular, the fragmentation patterns and presence of diagnostic fragment ion at m/z 271.2 and 253.2 (detected for all these compounds), indicated that they were spirostanol or furostanol saponins [26] . Moreover, fragment ion at m/z 415.3 suggested compounds GluSter1, GluSter2 and GluSter3 as furostanol saponins, whereas the fragment ion at m/z 433.3 observed in the MS/MS spectrum of GluSter4 allowed us to identify this compound as a spirostanol saponin [26] . In general, the steroid saponin content of tetraploid blb25 and blb26 was always higher than that observed in diploid blb1c. By contrast, the other two tetraploid genotypes (blb10 and blb22) showed steroid saponin content significantly lower than blb1c. These results on saponin analysis suggested perturbations in the mechanism regulating the biosynthesis of such compounds following polyploidization. It is interesting to underline the outlier role of blb26. It showed the highest amount of steroidal saponins but, on other hand, it displayed the lowest content of phenylpropanoids compared both with the diploid progenitor and to the other tetraploids. These results on blb26 are consistent with previous epigenetic and anatomical data [21] , indicating that for some parameters (e.g. hypomethylation frequency of internal DNA cytosine, leaf lamina area, vessel lumen area) this genotype sometimes behaves better than other S. bulbocastanum synthetic tetraploids, but sometimes does not. Recently, [27] it has been reported that there are one or more genetic factors capable of sensing the alteration of chromosome number and inducing gene expression alterations. Thus, for each Metabolic effects of polyploidization in S. bulbocastanum Natural Product Communications Vol. 8 (10) 2013 1389 trait and genotype, the consequences of polyploidization can be different and stochastic. This should be kept in mind, not only in basic studies, but also for practical purposes (e.g. plant breeding). Indeed, it means that genetic variability can be produced following polyploidization, and useful variants can be found. A larger sample of synthetic tetraploids of S. bulbocastanum will confirm this hypothesis.
Since polyploidy can influence the photochemical efficiency of a plant, it was of interest to investigate gas exchanges, fluorescence parameters and photochemical pigment production. No significant differences were found among genotypes for measures of gas exchanges [net CO 2 assimilation (A CO2 ), stomata conductance (gs), transpiration rate (T)] and chlorophyll fluorescence (maximum quantum yield -Fv/Fm-, effective photochemical efficiency of PSII -ΦPSII-and Electron Transport Rate -ETR-) ( Table 3 ). Only non-photochemical quenching (NPQ) significantly varied. Similarly, spectroscopic analysis of pigment content in leaves of diploid progenitor and its tetraploids did not show any significant difference (Table 3 ).
It is difficult to generalize the effects of polyploidy on photosynthesis [28] . In spite of the fact that all enzymes involved in the photosynthetic process are present in chloroplasts and polyploid plants have a large number of chloroplasts in the mesophyll cells, several authors reported, as in our case, similar photosynthetic rates between diploid and polyploid plants [29a, b, c] . Also, in terms of pigment production, it was not possible to frame a general rule for the behavior of our synthetic polyploids. In Vicia villosa Tulay, Unal [30] observed more chlorophyll in tetraploids. Similar results were reported for black wattle [31] , watermelon [32] and garden pansy [33] . By contrast, in Atriplex confertifolia chlorophyll content did not change at various levels of ploidy [34] .
The findings of our study showed that for several analyzed chemical and physiological parameters, synthetic tetraploids of S. bulbocastanum did not show superiority compared with the diploid progenitor. The only exception was steroid saponin content in some tetraploids. Probably in S. bulbocastanum most genes exhibit dosage compensation following polyploidization. Lack of consistent tetraploid superiority may also be attributed to the time required for adjustment and adaptation after the genomic shock. Our previous molecular studies provided evidence that alterations in methylation level occurred between diploid and tetraploid genotypes [21] , whereas no polymorphism was observed at the genetic level. These aspects can indirectly help to explain the effects of chromosome doubling. It is possible that in S. bulbocastanum different homeostatic mechanisms driven by epigenetic modifications occurred to preserve the stability of genomic structure and, probably, to control gene expression and hence metabolic and physiological traits. The stochastic trend observed can be due to significant genotype specific differences in the expression of relevant genes. In A. thaliana, Yu et al. [27] have already found that response to polyploidization has a genetic basis and has a link with DNA methylation. We are currently undertaking transcriptomic studies to better interpret our phenotypic data. However, in light of the results reported here, and elsewhere, we can hypothesize that polyploidization as a strategy to enhance metabolite production cannot be generalized and should be carefully verified. Indeed, chromosome doubling might generate unpredictable and uncontrollable changes that reduce performances.
Experimental
Plant material: A clone (named blb1c) belonging to accession PI 275190 of diploid (2n=2x=24) S. bulbocastanum was used in this study. Included were also four tetraploid (2n=4x=48) clones of blb1c (blb10, blb22, blb25 and blb26) obtained through in vitro oryzalin (3,5-dinitro-N 4 ,N-dipropylsulfate) treatment of nonflowering shoot tips, as previously described [17] . All plants were 11.3±0.7 c 9.0±0.5 d 7.0±0.9 e 16.9±0.9 b 19.1±0.9 a a The metabolite content was expressed as mg/100 g of dried tissue and represented the average number of triplicate determinations (mean ± standard deviation). b In each row, means denoted by the same letter did not significantly differ at General methods: HPLC analyses were conducted on an Agilent 1200 series system (Agilent Technologies, Palo Alto, CA, USA), equipped with a binary pump delivery system G-1312, degasser G-1322A, G-1315A Photodiode Array Detector, G-1328A autosampler. ESIMS (positive mode) were obtained using a Q-TOF Premier instrument (Waters, Milford, MA), equipped with an electrospray ion source and coupled to a 2690 Alliance HPLC.
Sample preparation:
A representative quantity (0.5 g) of fresh leaves was freeze-dried and defatted with n-hexane, and then extracted for 48 h with MeOH by exhaustive maceration (3 x 10 mL). Analyses were performed by injecting 20 µL of 1 mg/mL solutions of each methanol residue Triplicate injections were made. To detect the secondary metabolite composition of leaves, sample preparation and HPLC conditions were adjusted to avoid any detectable degradation of these compounds during the performance.
To determine glycoalkaloid content, part of the methanolic extract was diluted to 10% MeOH at a concentration of 0.4 mg/mL. An appropriate volume of internal standard (IS) α-solanine was added to give a final concentration of 0.1 µmol/mL and 100 µL aliquot injected into the analytical system. Steroid saponins were quantified using diosgenin glycoside as an external standard. Samples were using a portable InfraRed Gas Analyzer (IRGA; LI-6400-02B; Licor Biosciences; Lincoln, NE, USA) with a cuvette enclosing the leaf area of 6 cm 2 . External air was scrubbed with CO 2 and mixed with a supply of pure CO 2 to reach a reference concentration of 360 ppm, with a flow rate of 200 mL min -1 and 80% external relative humidity. The internal leaf temperature was maintained at 22 ±1°C (±SD). All measurements were performed between 16.00 and 19.00 h in January and February 2010. The experiment was performed at the Universidad de La Frontera, Departamento de Ciencias Químicas, Facultad de Ingeniería, Ciencias y Administración; Temuco, Chile.
Chlorophyll fluorescence and pigment analysis:
In vivo measurements of chlorophyll fluorescence of PSII of blb1c and 3 tetraploids (blb10, blb22, blb 25) were made with a portable pulseamplitude modulated fluorimeter (FMSII, Hansatech Instruments Ltd., Norfolk, UK). Comparable or the same leaves as those used for IRGA determinations were selected for fluorescence analyses. The protocol of Alberdi et al. [37] was followed. Definitions of fluorescence parameters Fv/Fm and ΦPSII were used as described by Maxwell and Johnson [38] . After fluorescence measurements, the same leaves were detached and immediately placed in liquid nitrogen and kept frozen at -80°C until pigments analyses. Leaves (100 mg fresh mass) were ground to a fine powder with liquid nitrogen in a cold mortar. About 1 mg of CaCO 3 was added before grinding. Leaf pigments were extracted with 96% ethanol according to Lichtenthaler and Wellburn [39] . Total chlorophylls and carotenoids were measured by a spectrophotometer (Genesys 5; Spectronic Unicam, Rochester, NY) at 663 (chlorophyll a), 646 (chlorophyll b), and 470 (chlorophyll b) nm, and pigment concentrations were calculated according to Lichtenthaler and Wellburn [39] . This part of the research was conducted at the Universidad de La Frontera, Departamento de Ciencias Químicas, Facultad de Ingeniería, Ciencias y Administración; Temuco, Chile.
Statistical analysis:
Statistical analyses were performed using the 2002 Statistical Package for Social Sciences (SPSS) version 11.5 for Windows. Analysis of variance (ANOVA) was used to evaluate differences among all genotypes in metabolite content and physiological performance. Mean separation was performed using the Duncan test with P≤0.05 probability level.
